Introduction
A pneumatic artificial rubber muscle (PARM) is a pneumatically driven actuator that provides mechanical effects similar in principle to those of muscle contraction.
When air pressure is applied to a PARM to raise its internal pressure, the PARM expands in the radial direction but contracts in the axial direction, thus giving rise to axial displacement. PARMs are generally characterized by their light weight, pliability, and high-output capability, generating tensile forces that are several times those of air cylinders of the same diameter. Research is in progress for their application to power-assist devices, manipulators, and other human-robot interactions requiring gentle contact. . In our own research,
we have focused on the use of a rubber bellows as a damper for this purpose, in the form of high-damping PARMs (HDPARMs).
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In the present study, we constructed an antagonistic drive system with an inertial load with one degree of freedom (DoF) by incorporating two of these HD-PARMs and compared its damping effects to those of conventional PARMs. We also modeled each system component and developed a nonlinear numerical simulator to verify its effectiveness. In order to realize a pneumatic artificial rubber muscle (PARM) with high damping characteristics, we have developed a new actuator combining an ordinary PARM with a rubber bellows that uses a narrow tube as an air throttle. In the present study, in order to experimentally clarify the dynamic characteristics of the newly developed high-damping PARM, two such PARMs driven by a spool-type servo valve were connected in parallel to a link that has a rod as an inertial load, constituting the driving system of a single joint. The same experiment was carried out using ordinary PARMs, and the superiority of the newly developed PARM was demonstrated. The characteristics of each component of the high-damping PARM, such as the PARM, the rubber bellows, the narrow tube, and the servo valve, were modeled assuming nonlinearity. Then, using MATLAB/Simulink, a nonlinear simulator for the newly developed actuator was developed. The simulation and experimental results indicated that the developed simulator is useful for the design of pneumatic actuators. 
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3. Proposed high-damping PARM structure which is hermetically sealed at all points other than its air
When the PARM contracts, the external bellows also contracts with an accompanying change in its internal volume, and the passage of air through the throttle thus generates a damping force.
High-damping PARM modeling
Modeling of PARM alone
The damping coefficient of the PARM (without bellows) was determined experimentally using an apparatus equipped with a potentiometer as shown schematically in Fig The damping ratio ζ p may be obtained from this equation, and the PARM damping coefficient c p may be expressed as
The average value of the PARM damping coefficient in the 36 experiments was c p =12.25 N s/m.
The static characteristics of the PARM alone were also investigated experimentally using the apparatus shown in 
The approximation obtained from this equation using α=2300.0, β=-920.0, γ=-110.0 was in good agreement with the experimental results (Fig. 4, solid and dashed lines) .
We similarly determined the relation between the PARM contraction ratio ε obtained with the apparatus shown in Fig.   2 and the PARM internal volume V p (Fig. 5 and Eq. (4), in cm 3 ), with the results shown in Fig. 5 . It should be noted that this experiment was performed with weights of 0.5 kg, as it had been found in a previous study that the relation between the PARM contraction ratio and its volume is not dependent on the applied load. 7) Similar results were obtained in the present study, and the approximation was therefore performed using the following quadratic equation.
This method of approximation was chosen because of its applicability to PARM static characteristic modeling and its suitability for the present study, rather than the alternative method proposed in recent years in which the characteristic model is constructed with the energy loss due to frictional, elastic, and other forces represented as a dissipative term. Fig. 7 and 8 ), the internal volume may be expressed as (5) In this study, we used a bellows having B b =12.57 cm 2 , A b =19.63 cm 2 , and n=58. The volume around the PARM was calculated using the experimentally determined relation between the contraction ratio and the volume ( The calculated relationship between the PARM contraction ratio ε and the bellows internal volume V b is shown in Fig. 9 .
We then modeled the throttle, through which air flows into and out of the bellows as shown in Fig. 1 . With a throttle of I.D. d t and length L t , and atmospheric pressure P a , determined by the Hagen-Poiseuille equation, the mass flow rate of air entering the bellows through the throttle may be expressed as
In the present study, we used a throttle having d t =2.5 mm and length L t =30 mm. Fig. 10 shows a block diagram of the bellows and throttle constructed on the basis of the above modeling. The change of state was again assumed to be adiabatic (=1.4).
Modeling of other components
In modeling the spool-type servo valve (FESTO MPYE M5-010-B) (the "SP valve") used to control the internal pressure of the PARM, we first measured the sonic conductance C and the critical pressure ratio b, and then in the simulation defined the flow rate G p by the ISO 6358 9) equation.
For the following experiments, we modeled an aluminum arm of length L 0 =500 mm and mass M 0 =105 g, and a weight of m 0 =210 g connected to the end of the arm via the pulley.
In this configuration, the calculated inertial moment of the arm was J=0.061 kg m 2 . 
Validity of modeling
The aluminum arm was oscillated for 20 seconds at a frequency f of 0.5 to 10 Hz for each set of experimental conditions. For comparison, the bellows were removed from the two HD-PARMs and the experiment was repeated with the conventional PARMs alone on the same apparatus.
In the experiments, the resonance peak was observed to be near f=2.7 Hz for both the HD-PARMs and the conventional PARMs. Fig. 12 shows the results at f=2.7 Hz in terms of the together with the results of the simulation described below.
As shown by these graphs, the peak gain was approximately 2.7 dB lower with the HD-PARMs than with the conventional PARMs alone.
Comparison of simulation and experimental results
The components as modeled in Section 4 were expressed in MATLAB Simulink, and a simulator matching the experimental apparatus of Section 5.1 (Fig. 11 ) was constructed as shown by the block diagram in Fig. 15 . The solver-related Simulink parameters in the simulation are shown in Table 1 . 
Conclusions
In this study, we have proposed and constructed a highdamping pneumatic artificial rubber muscle (HD-PARM) incorporating a rubber bellows and bellows throttle as a means of improving the PARM damping effect.
Using two of the proposed HD-PARMs, a pneumatic servo valve, and other components, we constructed a onedegree-of-freedom (DoF) antagonistic drive system bearing an inertial load, and experimentally compared its frequency response with that of a system containing conventional PARMs. The results showed that the resonance peak, which was observed to be near 2.7 Hz, was approximately 2.7 dB lower with the HD-PARMs. We also modeled the system components, constructed a simulator using MATLAB Simulink, and compared the simulation and experimental results. The trends found in the simulation were in close agreement with the experimental results, thus confirming the validity of the modeling. The simulator was also applied to a HD-PARM system with a modified throttle configuration, as an example of its potential utility.
Further studies will include utilization of the simulator in the design of HD-PARMs with differing dimensions and throttle configurations and their application to robot arms.
